Charge exchange (CEX) ions could inflict severe damages on the ion thruster optical system. This article is aimed at investigating the characteristics of the CEX ions and their influences upon the optical system by means of particle-in-cell (PIC) ion simulation and Monte Carlo collision (MCC) methods. The results from numerical simulation indicate that despite the fact that CEX ions appear in the entire beamlet region near the ion optical system, the ones that present themselves downstream of the accelerator grid have good reason for attracting more attention. As their trajectories are significantly affected by the local electric field, a great number of CEX ions are accelerated toward grids resulting in sputtering erosion. When the influences of the CEX ions are considered in the numerical simulation, there could hardly be observed augments in the screen grid current, but the accelerator grid current increases from zero to 1.4% of the beamlet current. It can be understood from the numerical simulation that the CEX ions formed in the region far downstream of the accelerator grid should be blamed for the erosion on the downstream surface of the accelerator grid.
Introduction 1
As a form of the electrostatic type of electric propulsion, the ion thruster, also termed Kaufman thruster, has drawn broad attention for use in space propulsion since the 1950s [1] . Ion thrusters could find jobs not only with Earth orbits, such as orbit insertion, transfer, control and maintenance, but also with deep space exploration [2] thanks to their high efficiency and the ability to provide high specific impulse.
As shown in Fig.1 , plasma is created in a discharge chamber of the ion thruster by bombardment of neutral Xenon (Xe) propellant gases with energetic electrons. The positive charged ions in the plasma are accelerated to a high velocity by an electric field in the ion optical system which usually consists of a positive electrode (screen grid) and a negative electrode (accelerator grid) to produce thrust [3] . The ions extracted from the discharge chamber are called primary ions. The beam of ions passing through a single aperture pair is referred to as an ion beamlet. Fig.1 Schematic of discharge chamber and ion thruster optical system [4] .
Limited by the electric field, thruster power and propellant mass flow rate, the thrust of the ion thruster is usually very small. To accomplish a given mission, thereby, the lifetime of the ion thruster should be long enough.
One of the main causes affecting the ion thruster
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lifetime is the failure of the ion optical system resulting from the charge exchange (CEX) ion sputtering erosion. There are three major kinds of failure mechanism in ion optical system caused by CEX ion sputtering erosion: electron backstreaming due to enlargement of accelerator grid apertures by ion sputtering, failure of structures of accelerator grid due to CEX ion erosion, short difficult to clear between the screen an d accelerator grids due to flakes of deposited sputtering grid material [3] . CEX ions impinging on the screen and accelerator grids are the important reason behind the three types of failure in ion optical system [3, 5] .
Operating Parameters and Model of Numerical Simulation

Calculation domain and operating parameters
Thousands of apertures, arranged in a hexagonal pattern, are cut into each grid to permit ions extracted from the discharge chamber passing through the ion optical system. The simulation is carried out in a two-dimensional axisymmetric domain (see Fig.2 ), which represents a half of one aperture pair. Fig.2 also shows the nomenclature of geometric parameters of the ion optical system and the boundary conditions. l p is the distance between the left edge of calculation domain and upstream of screen grid , l g the distance between two grids, the electric potential, t s and t a are the thicknesses of screen grid and accelerator grid respectively, r s and r a the ridii of screen grid hole and accelerator grid hole respectively. In Fig.2 , the top and the bottom boundaries of the calculation domain, which represent the centerline of two neighboring apertures and t hat of the aperture respectively, are designated as Newmann boundaries with electrostatic potential. The upstream boundary, where the ions are injected into the calculation domain, belongs to the discharge chamber boundary with the potential of plasma in it. The downstream boundary, similar to the upstream one, is a Dirichlet boundary condition with the beamlet plasma potential which equals zero. The surfaces of grids are absorption boundaries, where the ions will be deleted from the calculation domain when they arrive. A uniformly spaced structural mesh for convenience of calculation is established in the calculation domain. Table 1 lists the operating parameters used in the simulation. 
Simulation of primary ions and electrons
In order to provide a detailed description of the motion of ions in the ion optical system, the code adopts a particle-in-cell (PIC) method, where each computational particle is regarded as a point representing a large number of real ions. Fig.3 outlines the flowchart of the simulation [6] . Fig.3 Flowchart in simulation code [6] .
In general, the PIC code consists of a cycle in every time step as follows [7] : 1) weighting the charge of the ions and electrons to the mesh nodes; 2) calculating the electric potential and the electric field of the calculation domain;3) weighting the electrostatic field back to the ions; 4) moving the ions according to the second Newton law method with the electric field forces obtained above.
In the case of an ion thruster, the magnetic field is 1 i e e n n r r r z (1) where e is the charge of electron, 0 the permittivity of vacuum, n i and n e are the ion number density and the electron number density, respectively. To accelerate the convergence o f the calculation, the successive over-relaxation method is used to solve the Poisson's equation.
In the model, the electrons are assumed as noncollisional isothermal fluid. Since the accelerator grid is negative-biased, electrons mainly exist upstream of the screen grid and downstream of the accelerator grid [3] . The number density of electrons is determined by Boltzmann distribution [8] as follows: n n T n n T (2) where n ref , T ref and ref are the referential values of plasma number density, the electron temperature and the electric potential, respectively. In region upstream of the screen grid, the corresponding values of these parameters in discharge chamber are adopted; while in the region downstream of the accelerator grid, these values are set equal to those far downstream of the thruster which is the right-hand boundary in this article.
The electric field intensity in the mesh nodes, denoted by E, is obtained from the electric potential by
The velocity and the trajectories of the ions are obtained from (5) where m i , v i and x are the mass, velocity and traje ctory of the ion, respectively. These equations are solved by using a leapfrog i ntegration scheme which has a second-order accuracy in the time step [9] .
In the plasma particle simulation, to obtain a precise and stable solution, t he mesh size should satisfy the following relationships [10] D D z r (6) where z and r are the mesh sizes in axial and radi al coordinates respectively and D is the Debye length defined as
kT ne (7) where k is the Boltzm ann constant, n the plasma number density and T local the local electron temperature. In the present simulation, the mesh size satisfies z= r D . At the start of each time step, new ions are injected into the calculation domain from the upstream boundary where the axial velocity of ions satisfies the Bohm criterion [11] and the radial velocity of particles follows the Maxwellian distribution. The initial positions and the velocity components of the new ions are achieved from a generator of random numb ers uniformly intervening between 0 and 1. A single linked list is used to store the information of the ions [12] and only the singly charged ions are co nsidered.
3. Simulation of CEX ions
As the propellant atoms in discharge chamber are not wholly ionized, neutral atoms may escape from it and flow through the ion optical system. In ground tests, the atoms and molecules of residual gas exist in the vacuum chamber [13] . The CEX collision between the beamletion and the environmental neutral atom results in a fast moving neutral atom which used to be the primary ion, and a slow moving ion which used to be the neutral atom and now is the CEX ion. Fig.4 illustrates the process of CEX collision for Xenon propellant.
The process of CEX collision is described by MCC method in the numerical simulation. In each time step, the MCC module is added into the P IC loop as shown in Fig.3 , and then the CEX ions are tracked by the PIC method just as the primary ions until impinging on the grids or disappearing from the calculation domain through downstream boundary. Since the calculation domain is very small, the density of the neutral atom is assumed to be constant and the velocity components of the neutral atoms are obtained from their thermal energy and the random number generator mentioned above. [15] [16] [17] [18] [19] [20] [21] No.1 Fig.4 CEX collision progress.
The productivity of CEX ions present in a mesh cell is determined by cex i,p n r cex d d n n n v t (8) where n cex is the number density of CEX ions created in a mesh cell, n i,p the number density of primary ions in the same mesh cell, n n the number density of neutral atoms, v r the relative velocity of the collision pair and cex the CEX collision cross section.
To obtain the number of CEX ions in a mesh cell N cex , Eq.(8)should be converted into as follows:
where N i is the number of primary ions in the mesh cell and t the time step. The CEX collision cross section is described by the following semi-empirical equation [14] :
where the constants a and b equal 0.882 1 and 15.126 2 respectively. Based on the information stored in the single linked list, the position of an ion in it changes with time. To calculate the CEX collision in a mesh cell, it i s required to find out the ions belonging to the concerned cell from the list an d then judge whether the collision happens. While the collision number of a mesh cell reaches N cex , the next cell is to be calculated.
Simulation Results and Discussion
In the numerical simulation, the state is viewed to be steady if the ion number that vanishes from the calculation domain equals the injected from the upstream boundary after some steps.
Without regarding to the CEX ions, the comparison of the electric potential cont ours is shown in Fig.5 , in which the top and the bottom half represent the beginning and the end of the numerical simulation, respectively. Fig.5 exposes the effects of the grid surface potentials and the space charges of primary ions on the electric potential distribution. The voltages biased to the grids are the main factors to determine the potential contours, especially in the region upstream of the screen grid. Meanwhile, the space charges of primary ions and electrons also have obvious influences on the potential distribution, just as what is shown by the changes in the region downstream of the accelerator grid. Unlike those in the top half, the potential contours upstream of the accelerator grid in the bottom half move as a whole toward the accelerator grid. It can also b e seen from Fig.5 that the shapes of potential contours upstream of the screen g rid undergo great changes due to space charges. Downstream of the accelerator grid and without considering the charged particles, the potential contours are approximately perpendicular to the axis of the grid aperture. When the charged particles are considered, these potential contours move toward the accelerator grid and the shapes of the contours near the aperture axis become convex toward the accelerator grid aperture. The space charges of extracted ions deposited in the region near the aperture centerline, which cause the electric potential to be higher than the one with large radial distance at the same axis position, should be arresponsibility for the changes of potential contours downstream of accelerator grid.
The distribution of potential contours under the conditions of the CEX ions simulated or not is shown in Fig.6 , in which the bottom half has the simulated CEX ions.
From Fig.6 , it can be understood that the CEX ions exert little influence on the electric potential distribution-the potential contours upstream of the accelerator grid exhibit almost no changes, which accords to the results from Ref. [15] . In the far downstream of the accelerator grid, because of the existence of the CEX ions outside the beamlet, the potential contours move toward accelerator grid slightly. The number of CEX ions is very small in comparison with the primary ions, which might be the reason behind their little influence on the potential distribution. Fig.7 shows the electrostatic potential distribution in the axial direct ion. Line I represents means the absence of ions in the calculation domain. Lines II and III represent the inclusion and the exclusion of the CEX ions respectively. From line I, it is clear that when the ions have bee n simulated in the calculation domain, the potential increases along the centerline. When the CEX ions are included in the calculation domain, the potential along the aperture centerline changes a little, which agrees with the above conclusion. Because of the focusing effects of the ion optical system, the diameter of the beamlet becomes smaller gradually from the upstream surface of the screen grid to the downstream surface of the accelerator grid. In the normal operating condition, when the primary ions pass through the accelerator grid aperture, the beamlet diameter should be smaller than that of aperture to avoid the direct impingement on the grid. The ion number on the beamlet edge is larger than that in the centerline of the aperture, which is also partly caused by the focusing effects. Fig.9 shows the phase space distribution of axial velocity of the ions at the end of numerical simulation. The primary ions reach the maximum velocity near the middle of the accelerator hole. The axial velocity components of CEX ions at the upstream of the screen grid are lower than that of the primary ions at the same sites. Moreover, CEX ions at t he downstream of the accelerator grid will be accelerated towards it under nomination of the local electric field and some of them can reach a very high velocity. Fig.10 shows the radial velocity component phase space distribution as a function of t he axial distance by the end of numerical simulation. Compared with the axial velocity, the radial velocity is lower. Because of the focusing effects of the ion optical system, t he radial velocity of the primary ions is negative at the upstream of the accelerator grid, so the diameter of the beamlet decreases gradually (see Fig.8 ). In t he region downstream of the accelerator grid, the radial velocity of primary ion s becomes positive and the diameter of the beamlet increases accordingly, which c an be seen from the top half of Fig.8 . The CEX ions having higher radial velocity than primary ions at the same axial distance will move out of the beamlet, which can be seen from the bottom half in Fig.8 . The trajectory of a CEX ion is determined by its initial velocity, the site where it forms and the local electric field. Since the CEX ion has an initial velocity of a neutral atom which is relatively low, its trajectory is mainly determined by the site where it forms and the loca l electric field. Fig.11 shows the distribution of the CEX ions and their velocity vectors. It can be seen from Fig.11 that the CEX ions present themselves in almost all regions of the beamlet but differentiate in different amounts. The magnitudes of the initial velocities of CEX ions at different sites are almost the same, but the local electric fields where the CEX ions form are different. Thus, CEX ions present in different sites have different influences on the ion optical system. If the CEX ions impinge on the grids with high velocities, sputtering erosion may occur. The ion thruster may be out of use when the erosion destroys the structure. Fig.12 shows the schematic of different behavior of the CEX ions summarized from Fig.11 .
The CEX ions produced in large radial site upstream of the screen grid will be accelerated to impinge on the screen grid. However, their velocities are too small cause obvious damages. Fig.12 schematizes the behavior of these ions with the A-marked line. On the other hand, the CEX ions produced in small radial site upstream of the screen grid are generally accelerated to pass the accelerator grid aperture. They do no harm to the ion optical system but deteriorate the performances of the ion thruster instead (see B-marked line in Fig.12 ).
The CEX ions produced between the downstream surface of screen grid and the upstream surface of accelerator grid are accelerated to leave beamlet domain. A part of them will strike the upstream surface of the accelerator grid at a high velocity gained from the acceleration of the strong electric field in this region. The impingement may cause the sputtering flakes of grid material, probably inducing shorts between the screen and accelerator grids made of conductive materials. The rest would be accelerated onto the inner surface of the accelerator grid aperture, of which the diameter increases gradually with the operating time prolonging (see C-and D-marked lines in Fig.12 ).
The CEX ions produced in accelerator grid aperture will also be accelerated onto the grid barrel, thus resulting in enlargement of the diameter of accelerator grid aperture. Electron backstreaming may occur when the diameter of accelerator grid aperture turns large enough [16] (see E-marked line in Fig.12 ).
The CEX ions produced downstream of the accelerator grid are mainly accelerate d toward the downstream surface of accelerator grid. The damage caused by these ions is characterized by the "pit and groove" erosion pattern. It can be seen from Fig.11 that the CEX ions formed just downstream of the accelerator grid have relative small velocity before they strike the grid, which causes slight erosion. In contrast, the CEX ions formed far downstream of the accelerator grid gain large velocity before they strike the grid because of the experience of a large potential difference between the site the ions are formed and the accelerator grid. The erosion of the downstream surface of accelerator grid is mainly caused by these CEX ions. This is consistent with the result from Ref. [2] (see F-marked line in Fig.12 ).
It can also be seen from Fig.11 that a part of CEX ions created near the downstream boundary of the calculation domain will be accelerated out of the top or bottom boundaries. Since the specular reflection boundary conditions are imposed on the top and bot-tom boundaries, the ions leaving the calculation domain from these two boundaries are mirrored back to the calculation domain. These ions can be considered as the CEX ions formed in the neighboring apertures and accelerated toward the accelerator grid simulated (see G-marked line in Fig.12 ).
When the CEX ions are considered, the screen grid current rises from 0.134 mA to 0.136 mA, indicating few influences of CEX ions on the screen grid current; the accelerator grid current increases from 0 to 0.005 mA; that is to say, from 0 to 1. 4% of the beamlet cur rent. Besides, the CEX ions impinge on the accelerator grid at a high velocity. Under their synergetic action, the severe erosion on the downstream surface of accelerator grid is induced. The 1.9% corresponding drop in beamlet current from 0.354 mA to 0. 347 mA evinces degradation of the thrust of ion thruster as well. Generally speaking, the damages of screen grid caused by CEX ions are not severe be cause of the slow velocity of the CEX ions; while the erosion of the accelerator grid caused by CEX ions is serious, especially on the downstream surface.
Conclusions
This study has proposed a two-dimensional axisymmetric numerical model to investigate the characteristics of CEX ions in ion thruster optical system. For the sake of higher accuracy, a three-dimensional simulation model is required. In this article, only singly charged ions are taken into account in the present study despite there being a few double-charged ions in the ion beam. This problem is expected to be further investigated later.
